THE RÔLE OF INTRACELLULAR BACTERIOPHAGE IN LYSIS OF SUSCEPTIBLE STAPHYLOCOCCI by Northrop, John H. & Krueger, Albert P.
THE  R~)LE  OF  INTRACELLULAR  BACTERIOPHAGE  IN 
LYSIS  OF  SUSCEPTIBLE  STAPHYLOCOCCI 
BY JOHN H. NORTHROP AND ALBERT P. KRUEGER 
(From the Laboratories of The Rockefeller Institute for Medical Research, 
Princeton, N. J.) 
(Accepted for publication, November 9, 1931) 
In a previous paper on the kinetics of the bacterium-bacteriophage 
reaction (1) it was shown that under certain set conditions lysis of sus- 
ceptible staphylococci occurs when the total phage i.e., extracellular 
plus intracellular phage, present in a bacterium-bacteriophage mixture 
attains a value of 125 activity units (2, 3) per organism, and that lysis 
is not determined by the total quantity of phage per ml. of suspension. 
This is true both for cultures actively growing in the presence of 
phage and for suspensions in which resting cells are exposed to the 
critical number of phage units by addition of the requisite amounts of 
phage. 
In  a  suspension of  bacteria  containing phage,  the  phage  is  dis- 
tributed in such a way that the concentration of phage in the bacteria 
is directly proportional to the concentration of phage in the surround- 
ing solution (4).  The phage is therefore partly inside and partly out- 
side the bacterial cell and lysis may conceivably depend on any one of 
the following four conditions. 
Total phage per bacterium  (P/B),  external phage per bacterium 
(Pe/B), internal phage per bacterium (Pb/B) or external phage per ml. 
[Pe].  These latter two values are proportional to each other as men- 
tioned above and therefore cannot be separated by any experiment 
carried out under equilibrium conditions.  It is possible however to 
decide whether o.r not the total phage per bacterium is the essential 
condition by diluting a  suspension of phage and bacteria containing 
slightly more than the amount of phage necessary for lysis.  When this 
is done the total phage per bacterium will evidently be constant in all 
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the  dilutions  and  the  external  phage  per  bacterium  will  increase, 
whereas the quantity of internal phage per bacterium will diminish as 
will the quantity of external phage per ml. 
If lysis therefore is conditioned by the ratio of total phage, or exter- 
nal phage, to bacteria  all  the  dilutions  will  undergo  lysis, whereas 
if lysis is determined by the quantity of internal phage per bacterium 
or by the quantity of external phage per ml. the more dilute suspen- 
sions will not undergo lysis.  Experiment shows that this latter result 
is obtained. 
The experimental  test was carried out as follows: 9  × 10  ~° Phage Units and 6 × 
l0  s staphylococci (18 hour washed culture) were suspended  in a total volume  of 10 
ml. of broth.  5 ml. of this mixture was added to 5 ml. of plain broth and this in 
turn was diluted by half.  The Phage-Bacterial mixtures, each  of 5 ml. volume  as 
in earlier experiments (1, 2, 3) thus represented Total Phage/Total Bacteria ratios 
of 150 throughout.  (It will be noted that the ratio is greater than that found 
necessary  for lysis.)  The suspensions  were  contained in large test tubes of uniform 
diameter and were placed in a mechanical  shaker mounted in a 36°C. water bath. 
Bacterial growth and lysis were followed  by reading turbidities against a standard 
series made of the same bacteria under conditions  of maximal  Tyndall effect (1, 2). 
The results are shown graphically in Fig. 1 and it is evident that lysis 
without growth occurred in the original mixture and first dilution only, 
while cell reproduction with concomitant phage formation took place 
in the other dilution.  The average value of the distribution coefficient, 
K, was found to be 20  ×  103 at 36°C.  Using this figure the values of 
(Pb/B) in each of the three tubes may be calculated from the equation 
Pb/B 25  X 101° 
=  20  X  103.  They are 124, 111, and 82, respectively. 
[Pe] 
It would  appear  then that lysis depends upon the  attainment of a 
threshold  >  82  and  <  111  phage  units within the cell or upon the 
attainment of the corresponding concentration of externalphage per ml. 
It is possible to demonstrate the same point in a  slightly different 
manner by adding a  small amount of phage to growing bacteria and 
diluting the culture just before the beginning of lysis.  Dilution will 
not alter the ratio Total Phage/Bacterium but will serve to reduce the 
value of Pb/B and of [Pe] and it should be possible to decide from the 
behavior of the suspension after dilution which ratio represents the 
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FIG.  1.  Lysis depends  upon concentration of phage within  the  cell.  Total 
Phage/Bacterium  =  150 throughout.  Pb/B decreasing  with dilution.  Temp. 
= 36°C. 
solution due to reduction in intracellular  Phage concentration. 
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FIG. 2.  Effect of dilution at the moment Bacterial Lysis begins on cellular dis- 
Vol. 5 ml. Temp. 
Fig. 2 depicts such an experiment.  The initial values of [P]  =  1  × 
10  7 and [B]  =  2.5  ×  10 7.  A control set was run 0.5 hour ahead of the 
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intervals of 0.25  hour in order to get several  sets  of  readings  after 
dilution.  Just  as lysis began each suspension was diluted  1:5  with 
broth reducing Pb/B from 104 to 83.  Turbidity readings showed that 
lysis in all cases was delayed by dilution until the bacteria had grown, 
producing more phage,  increasing [Pe] and raising the ratio Pb/B to 
the critical level. 
Actual values of Pb/B at the moment of lysis were determined for 
a  number of growing cultures made with widely varying initial [P]'s 
and [B]'s as in earlier work (1).  The experimental data gave Pb/B 
ratios ranging from 104-112. 
DISCUSSION 
The  experiments  just described  show  that the significant condition 
for the occurrence  of lysis is either a concentration  of about  110 phage 
units inside each bacterium  or of about  12  X  10  8  units in each ml. of 
surrounding  solution.  Since  these  two  quantities  are always  in con- 
stant  ratio  to  each  other  it is immaterial  which  one  is used.  Evi- 
dently,  also, they  cannot  be  distinguished  by  any  experimental  pro- 
cedure  carried out under equilibrium  conditions.  It is  perhaps  more 
reasonable  to  suppose  that  the  internal  phage  is responsible  for the 
reaction. 
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